We report on improvements and innovations in the use of hydrosomes to encapsulate and study single molecules. Hydrosomes are optically-trappable aqueous nanodroplets. The droplets are suspended in a fluorocarbon medium that is immiscible with water and has an index of refraction lower than water, so hydrosomes are stable and optically trapped by a focused laser beam (optical tweezers). Using optical tweezers, we hold the hydrosomes within a confocal observation volume and interrogate the encapsulated molecule by fluorescence excitation. This method allows for long observation times of a molecule without the need for surface immobilization or liposome encapsulation. We have developed a new way for creating hydrosomes on demand by inertially launching them into the fluorocarbon matrix using a piezo-activated micropipette. Time-resolved fluorescence anisotropy studies are carried out to characterize the effects of the hydrosome interface boundary on biological molecules and to determine whether molecules encapsulated within hydrosomes diffuse freely throughout the available volume. We measured the fluorescence anisotropy decay of 20mer DNA duplexes, and enhanced green fluorescent protein (GFP). We conclude that the molecules rotate freely inside the nanodroplets and do not stick or aggregate at the boundary.
HYDROSOMES: INTRODUCTION
Hydrosomes are optically trappable femtoliter or sub-femtoliter (≈ 700 nm diameter) aqueous droplets in which we confine molecules for study by fluorescence spectroscopy. The droplets are suspended in a fluorocarbon medium, either 2-(nonafluorobutyl)heptafluorofuran (available from 3M as FC-77) or perfluorotriamylamine (available from 3M as FC-70). The solubility of water in FC-77 is 13 mg/kg and in FC-70 it is 8 mg/kg, hence aqueous droplets formed in the medium are stable. The indices of refraction of FC-77 and of FC-70 are 1.28 and 1.30 respectively, while the index of refraction of water is 1.33. This difference in refractive index enables optical trapping of the hydrosomes. We use optical tweezers at 1064 nm to hold the hydrosome within a confocal observation volume created by a visible probe beam, which fluorescently excites the molecule contained within the hydrosome. time from molecules crossing the observation volume is analyzed using autocorrelation, giving information about the dynamics of the molecules on timescales shorter than the diffusion time across the observation volume (typically on the order of a millisecond). 2 To capture slower conformational changes it is necessary to observe a molecule for longer periods of time . To this end, many single molecule experiments are done by immobilizing the molecule under study by  binding  3,4 ,5 or adsorption 6, 7, 8, 9 onto a surface or in a gel. 10, 11 Another immobilization technique involves liposome encapsulation. 12, 13, 14 The use of hydrosomes for single molecule spectroscopy has several advantages over surface attachment or liposome encapsulation for isolating and confining single molecules. Compared to surface attachment, sample preparation is considerably easier since no surface preparation or chemical tethering is necessary. Hydrosomes are also a more reproducible environment than are surfaces, avoiding the entropic and energetic interactions from the surface. Compared to liposome encapsulation, hydrosomes again provide much simpler sample preparation since no purification is necessary: all the analyte ends up in the hydrosome and none or negligibly little in the hydrophobic matrix. Finally, the use of hydrosomes facilitates mixing and the study of transiently interacting molecular complexes on an individual basis since hydrosomes fuse spontaneously. Liposome fusion requires membrane disturbance and risks losing contents to the aqueous matrix.
The use of hydrosomes for single molecule studies was first demonstrated by Reiner et al. 15 They produced the hydrosomes, suspended in FC-77, using ultrasonic agitation. To facilitate droplet formation, trace quantities, 0.1% (v/v), of the surfactant Triton X-100 was added to the aqueous buffer. In their work, Reiner et al showed that approximately 50% of red fluorescent protein survived ultrasonication. We have found similar results with green fluorescent protein (GFP). However, we found that GFP does not survive ultrasonication without the use of a surfactant. The presence of surfactant either helps maintain the integrity of the protein or prevents it from partitioning out of the aqueous phase. We recently developed an alternative method for creating hydrosomes on demand that is useful in studies of single molecular complexes and that is less destructive to the hydrosome contents than ultrasonication. 
DIRECT DELIVERY OF HYDROSOMES ON DEMAND
We have developed a technique for delivering hydrosomes one at a time on demand. The hydrosome injector is shown in Figure 2 . It consists of a piezoelectric tube (EBL Products Inc. type EBL 2), a micropipette tip with hydrophobic coating, and backing pressure control from a precise pump (FemtoJet 5247, Eppendorf North America Inc.). The body of the injector is MACOR mounted onto an aluminum arm that is fixed on a three-axis translation stage. MACOR is also used to hold the tip and insulate it from the piezo. The entire assembly is mounted on or adjacent to the microscope and the micropipette tip is immersed into fluorocarbon and manipulated into the focal plane of the microscope. The piezo tube is wired to the output of a voltage amplifier (200 V max output), and a function generator synthesizes the sawtooth that drives the amplifier. A fast change of driving voltage leads to the quick retraction of the hydrophobic tip, and single small droplet is injected into the fluorocarbon. We are aware of two other devices that function in a fashion similar to this one. 16, 17 FC-70, which is nearly 20 times more viscous than FC-77, was used for forming and trapping injected hydrosomes. The high viscosity of FC-70 (0.024 Pa•s)) is necessary to facilitate droplet formation, and it also imparts a strong drag force on the ejected hydrosomes to slow them down for capture by the optical trap. We added 0.1% (v/v) of Triton x-100 to our aqueous buffer to further facilitate droplet formation.
In this application, a backing pressure of about 300 hPa created a meniscus at the tip. One cycle of a 200 V sawtooth applied to the piezoelectric tube then ejected a droplet from the tip into the matrix. The ejection force depends on the speed the tip can be retracted, which is limited by the bandwidth of the amplifier (1 MHz) and the mechanical resonances of the device. The droplets were then immobilized in a nearby optical trap.
The radius of a hydrosome was determined by injecting individual hydrosomes filled with dye at a known high concentration into a larger droplet that initially contained a very low known concentration of dye and whose size was easily measured (typically near 60 micron diameter). The small hydrosomes fuse immediately with the larger droplet and perturbed its volume by much less than one part in about 10,000, so to a good approximation the large droplet volume can be taken to be constant during the measurement. The fluorescence intensity from a point inside the large droplet (defined by the point spread function of the confocal system) is measured at fixed excitation power as a function of fused droplet number. By knowing initial dye concentrations and large droplet volume, we can infer the volume of the hydrosome from the slope of the intensity versus droplets fused curve. The deviations from a straight line put an upper limit on the spread in the droplet size. For one typical micropipette we find hydrosomes with diameter 736 nm ± 31 nm or volume 212 aL ± 27 aL. These measurements and others for determining droplet size will be discussed in more detail in an upcoming publication. 
ROTATIONAL DYNAMICS INSIDE HYDROSOMES
To probe the dynamics or conformational changes of individual molecules confined inside a hydrosome, and to use hydrosomes as reaction vessels, it is crucial to ensure that the molecules are freely diffusing and not aggregating at or sticking to the water-oil interface. We therefore measured the rotational motion of two biomolecules, a protein and a nucleic acid, inside hydrosomes using time-resolved fluorescence anisotropy (anisotropy decay) measurements. For comparison, we also made time-resolved fluorescence anisotropy measurements of the molecules in free solution.
We 
where i || is emitted light with polarization parallel to the excitation light and i ⊥ is emitted light with polarization perpendicular to the excitation light and IRF || and IRF ⊥ are the respective IRFs for each channel. The IRFs were measured using the water Raman line. The fluorescence decay of a freely rotating molecule has the generic form. 18, 19 )]
where A || and A ⊥ are overall amplitude terms, α is the fundamental anisotropy, τ is the fluorescence lifetime, and θ is the rotational correlation time.
Rotational dynamics of EGFP encapsulated in hydrosomes
In our preliminary analysis of EGFP, we found that the fluorescence decay fit best with two lifetime decay components, and one rotational decay component. The presence of two lifetime decay components is consistent previous studies of GFP fluorescence decay. 20, 21 The fluorescence decay of EGFP was fit, with a global fitting routine, to
(3) Figure 3 shows typical fluorescence polarization decay curves for EGFP in hydrosomes and in free solution. We made 31 fluorescence polarization decay measurements of EGFP encapsulated in hydrosomes at a concentration of 3 µmol/L and 10 measurements of EGFP in free solution at the same concentration. Each of these measurements was fit to equation (3), from which we extracted a rotational correlation time. The rotational correlation times we state here are an unweighted average of the fit results from each measurement, and the stated uncertainty is the standard deviation of these results. We note that the error on the rotational time for each fit is typically larger than the standard deviation of the fit results. Preliminary analysis using this technique indicates that the mean rotational time of all of the measurements of hydrosome encapsulated EGFP was 19 ns ± 10 ns. For EGFP in free solution, the mean rotational time was 16 ns ± 2 ns. These results are consistent with previous reports for EGFP and wild-type GFP where the rotational times were found to be approximately 15 ns to 20 ns in bulk water.
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Rotational dynamics of 20mer DNA duplex encapsulated in hydrosomes
Preliminary analysis indicates that the 20mer DNA duplex labeled with Alexa 488 is best fit to a function having one lifetime decay component and two rotational decay components. There are two possible explanations for the second rotational time: the tethered dye may have some degree of rotational freedom 23 or it is possible we are measuring more than one rotational time for the DNA, since it is better approximated by rigid rod than a sphere 24 . The fluorescence decay of the labeled DNA was fit to
Typical fluorescence polarization decay curves for DNA in hydrosomes and in free solution are shown in Figure 4 . We made 10 fluorescence decay measurements of DNA encapsulated in hydrosomes at a concentration of 3 µmol/L, and 2 measurements of DNA in free solution at the same concentration. Preliminary analysis indicates that the mean rotational times, θ 1 and θ 2 , of the hydrosome encapsulated DNA are 1.4 ns ± 0.2 ns, and 0.24 ns ± 0.03 ns. The mean rotational times of the free DNA are 2.50 ns ± 0.04 ns, and 0.270 ± 0.001 ns. As explained in the previous section, the stated mean values are an unweighted average of the fit results from each measurement, and the uncertainties are the standard deviation spread of these results. We note that preliminary analysis indicates the rotational times in the hydrosomes are faster than in free solution, a result we do not yet understand.
Conclusions from anisotropy measurements
If the molecules were sticking or aggregating at the boundary interface, we would observe a much longer rotational correlation time when the molecules are encapsulated in the hydrosome compared to bulk solution. That is clearly not the case for both EGFP and DNA. From measurement of EGFP, since the rotational times inside the hydrosome and in bulk solution are equal within error, we conclude that the protein rotates freely in hydrosomes. For DNA, the rotational dynamics are clearly different inside and outside the hydrosome, but there is still no obvious sticking or aggregation at the boundary as the molecules appear to rotate faster than in bulk.
USING HYDROSOMES FOR NANOCHEMISTRY
The most exciting advantage of using hydrosomes over other femtoliter containers such as liposomes is that hydrosomes spontaneously fuse when they are brought into contact, as shown in Figure 5 . Figure 5 also shows a demonstration of contents within hydrosomes mixing upon fusion. The hydrosomes in this particular experiment were produced by the ultrasonication method. In the figure, one of the hydrosomes contains 1 µmol/L of single-stranded DNA (ssDNA) labeled with a Cy3 fluorophore (the FRET donor) and the other hydrosome contains 1 µmol/L of the complementary strand labeled with a Cy5 fluorophore (the FRET acceptor). The DNA used in this experiment was purchased from IDT. The visible probe laser we use to excite the Cy3 fluorophore is at 532 nm (CrystalLaser GLC-532-L). The hydrosome containing ssDNA labeled with Cy5, which is only very weakly excited by our probe laser, is held in the trap, while the hydrosome containing ssDNA labeled with Cy3 is brought into contact with the first hydrosome via a second optical trap. As the Cy3 labeled ssDNA enters the observation volume, it is excited by the probe laser, and the signal in the donor channel starts to increase. As the ssDNA hybridizes and becomes a duplex, a FRET signal is observed. FRET will occur only as the DNA hybridizes, when the two fluorophores are sufficiently close that the donor transfers its energy to the acceptor. The sharp rise in acceptor signal is accompanied by a sharp drop in donor signal, which is the signature of FRET. We have hence shown that a simple reaction, such as DNA hybridization, can be induced by hydrosome mixing.
Mixing hydrosomes permits the study of single transiently interacting molecular complexes. One can observe a reaction between two individual molecules by bringing together two hydrosomes each containing a distinct species. We can also use hydrosome fusion to quickly change the buffer environment for a molecule under study. The ability to fuse one hydrosome to another permits direct observation of transient non-equilibrium states and reaction pathways.
CONCLUSIONS
We have shown that we can produce subfemtoliter droplets, hydrosomes, on demand, and that molecules encapsulated within hydrosomes are not aggregating or sticking at the hydrophobic boundary. Hydrosomes are used to encapsulate molecules for single molecule or other fluorescence spectroscopy studies and offer a promising method for undertaking nanochemistry experiments.
Proc. of SPIE Vol. 6644 66440E-6 ). This figure demonstrates that two hydrosomes fuse when they are brought into contact with one another. (Bottom) Here we demonstrate DNA hybridization that occurs when two hydrosomes are fused. One hydrosome contains 1 µmol/L of ssDNA labeled with a Cy5 fluorophore (the acceptor), and the other hydrosome contains 1 µmol/L of the complementary ssDNA labeled with a Cy3 fluorophore (the donor). We use a 532 nm laser (CrystaLaser GLC-532-L) to probe the molecules. The hydrosome containing the acceptor is held in the observation volume while the hydrosome containing the donor is brought into contact. As the donor molecules enter the observation volume, they are excited by the probe laser, and the signal in the donor channel begins to increase. The acceptor signal also increases just before fusion due a slight spectral overlap of donor and acceptor emission wavelengths. The subsequent sharp rise in acceptor signal, accompanied by a sharp drop in donor signal, is the signature of FRET. In this system, FRET will occur only when the DNA hybridizes, when the two fluorophores are sufficiently close that the donor transfers its energy to the acceptor.
